The regulation of mouse cellular retinoic acid-binding protein-I (CRABP-I) gene expression by the retinoids and thyroid hormones was examined, by using a -galactosidase (lacZ) reporter gene and a CRABP-I specific antibody, in transgenic mouse embryos and a mouse embryonal carcinoma cell line P19. The CRABPlacZ reporter gene expression recapitulated the expression pattern of endogenous CRABP-I in the developing central nervous system. In mid-gestation mouse embryos the expression of both the transgene and the endogenous protein was elevated under the condition of hypovitaminosis A, suggesting that depletion of retinoic acid (RA) induced CRABP-I expression in embryos. Consistently, this reporter was suppressed by RA in P19 cells. In co-transfection experiments it was demonstrated that the expression of RAR , RAR or RXR suppressed this reporter expression. In experiments designed to alter the thyroid hormone status in animals it was demonstrated that both the reporter gene and the endogenous CRABP-I expression were reduced by triiodothyronine injection and were elevated in a hypothyroidic condition induced by feeding with iodine-deficient diet supplemented with 6-propyl-2-thiouracil. In co-transfection experiments it was also demonstrated that the expression of T 3 R suppressed the reporter expression in P19 cells. It was concluded that RA had a suppressive effect on CRABP-I gene expression in embryos and P19 cells and the effect could be mediated through RAR , RAR or RXR . A role of thyroid hormones in CRABP-I gene expression and vitamin A metabolism in animals is discussed.
Introduction
Two members of the cellular retinoic acid-binding proteins (CRABPs) exist in the cytosol for specific binding to retinoic acid (RA), designated as CRABP-I and CRABP-II. In adult animals, CRABP-I is ubiquitously expressed at low levels, except in the eye and the testis where the expression of this gene is highly elevated, whereas CRABP-II is specifically expressed in the skin. During embryonic stages, both CRABP-I and CRABP-II are highly expressed, particularly in the developing central nervous system (CNS) of embryos at mid-gestation stages when RA exerts potent teratogenic effects (Perez-Castro et al. 1989 , Vaessen et al. 1989 , Ruberte et al. 1993 . However, discrepancy was noticed among these studies about their expression, possibly due to the use of different probes and detection methods and the presence of highly conserved sequences between these two genes at both nucleotide and amino acid levels (Ruberte et al. 1993 , Lyn and Giguere 1994 , Leonard et al. 1995 . The studies of cultured cells showed that the expression of CRABP-II was directly induced by RA via an RA response element located in its promoter (Giguere et al. 1990 , Astrom et al. 1991 , whereas the regulation of CRABP-I appeared to be more complicated and varied in different cell types , Giguere et al. 1990 , Astrom et al. 1991 . Particularly in the mouse embryonal carcinoma (EC) cell line P19, it was demonstrated that the expression of CRABP-I gene involved various signaling pathways such as protein kinases (Wei et al. 1995) , DNA methylases (Wei & Lee 1994) and RA , etc. Consistent with these observations, several positive/ negative regulatory DNA elements have recently been identified in the upstream region of the mouse CRABP-I gene .
The function of CRABP-I in animals remains unclear. It has been shown that CRABP-I knocked-out mice displayed no apparent phenotypes (de Beujin et al. 1994 , Gorry et al. 1994 , Lampron et al. 1995 . However, previous studies in transgenic mice (Wei et al. 1992) and embryonal carcinoma cells (Boylan & Gudas 1991) showed an association of high levels of CRABP-I expression with abnormal cellular differentiation and changes in RAregulated gene expression. It has also been shown that the expression of RAR , transforming growth factor-3 and tenascin in embryonic palate cells was altered as a result of the introduction of anti-CRABP-I oligonucleotides (Nugent & Greene 1995) . Biochemical studies provided more evidence for a role of CRABP-I in RA catabolism (Fiorella & Napoli 1994 , Boerman & Napoli 1996 . It was speculated that an abnormally high level of CRABP-I expression could disturb RA concentrations required for certain gene regulation in specific cells at a critical time, thereby changing cellular growth or differentiation (Wei et al. 1992) . From the studies of the bovine gene (Shubeita et al. 1987 ) and the mouse gene (Wei et al. 1990) , it appeared that both the exon/intron junctions and the promoter region of this gene were highly conserved among animal species. Therefore, it was suggested that the expression of CRABP-I gene must be tightly controlled in order to maintain a homeostatic supply of RA.
The mouse CRABP-I gene has been characterized as a house keeping gene based upon the minimal promoter sequence (Wei et al. 1990 ). However, its upstream region contains numerous inverted repeat sequences and putative binding sites for various transcription factors, suggesting a complicated regulatory mechanism for its cell type-specific and developmental stage-specific expression (Wei et al. 1991 . Most interestingly, a hormone response element (HRE) containing a direct repeat 4 (DR4) sequence is present in the upstream region of this promoter, which can potentially serve as a regulatory sequence for the expression of this gene. In order to produce a transgenic reporter system to unambiguously determine the expression pattern of this gene in embryos as well as the regulatory region responsible for its specific expression, a -galactosidase (lacZ ) reporter fusion gene was made by inserting the lacZ structural gene, in frame, into the fifth amino acid codon of the mouse CRABP-I genomic segment . In this study, transgenic mice and transformed P19 EC cells carrying this fusion gene were generated in order to study the expression as well as its regulation by retinoids and thyroid hormones in embryos and EC cells. To confirm the fidelity of this reporter system in transgenic mice, the endogenous CRABP-I protein expression was detected on the lacZ-stained sections by immunohistochemistry, allowing the two staining patterns to be examined and compared on the same sections. Studies reported here were to determine: (1) the expression pattern of CRABP-I gene in normal and transgenic mouse embryos, (2) the regulatory activity of the mouse CRABP-I gene promoter in developing mouse embryos and P19 EC cells, (3) the effects of vitamin A and thyroid hormones on the expression of CRABP-I, and (4) the mechanism underlying the effects of RA and thyroid hormones on CRABP-I gene by using EC cell culture as a model system.
Materials and Methods

LacZ reporter construct
The CRABP-lacZ reporter construct was made by ligating an E. coli lacZ structural gene containing an SV40 poly(A) site to a 3·2 kb CRABP-I genomic DNA fragment at the Kpn I site within exon I as described . Thus, the transcription and translation of lacZ reporter was under the control of the mouse CRABP-I DNA sequence.
Cell transformation and the quantitation of lacZ reporter activity
To determine the transient reporter activity in the EC cell line P19, cells were plated in 24-well plates (5 10 4 cells/well) and transfected with the reporter DNA (0·2 µg), using the calcium phosphate precipitation method. An internal control luciferase reporter (0·1 µg, pGL3 using an SV40 promoter, from Promega, Madison, WI, USA) was included in each transfection. To determine the effects of nuclear receptor expression, co-transfection experiments were conducted in medium containing either regular serum or dextran-charcoal treated serum (DCC) (Horwitz and McGuire 1978) supplemented with each corresponding ligand. Each expression vector was added at the amount of 0·1 µg. Six hours after transfection, cells were washed and treated with the ligands, RA (a mixture of all-trans and 9-cis forms, each at 10 7 ), T 3 (100 n) or vehicle, and cytosolic extracts were collected 24 h later for the determination of lacZ and luciferase activities as described previously (Wei et al. 1995 . Specific lacZ activity was determined by normalization to the internal control (relative luciferase unit, RUL) and represented as A 420 /RUL. For all the transfection experiments, triplicate cultures were used in each experiment and three to five independent experiments were conducted to obtain the means and standard errors of the mean (...).
Transgenic mice production, enzyme histochemical analysis of lacZ expression and immunohistochemical detection of CRABP-I in mouse embryos
Microinjection was performed according to a standard procedure in the transgenic mouse center at the University of Minnesota. Transgenic mice were identified by Southern blot analysis of the tail DNA. In situ detection of lacZ reporter gene expression was conducted as described (Wei et al. 1991 . The stained, whole-mount embryos were examined and photographed using a Nikon stereoscope SMZ-10 photo system, and then embedded in OCT compound. Serial sections of 8 µm in thickness were obtained for CRABP-I antibody reactions, followed by the reaction with a Cy-3-conjugated donkey anti-rabbit antibody ( Jackson Immuno Res., West Grove, PA, USA). The CRABP-I antibody was raised in rabbits, and was specific to the C-terminus of CRABP-I (LTFGADDVV CTRIYVRE). The antiserum was purified over an epoxy-activated Sepharose 6B (Pharmacia, Piscataway, NJ, USA) affinity column, and its specificity was tested on CRABP-I expressed in E. coli. The lacZ (representing transgene expression) and fluorescent staining (representing the endogenous CRABP-I protein expression) patterns on the same sections were observed and photographed using an Olympus microscope equipped with a fluorescent light source.
Diet and hormonal manipulation of the animals
Mice were treated for a hypovitaminosis A status according to an established protocol as described (Stephensen et al. 1993 , Lee et al. 1996 . Briefly, normal female mice (Hsd:ICR, from Harlen, Indianapolis, IN, USA) were fed a vitamin A-deficient diet (TD86143, Harlan, Madison WI, USA), 6 weeks prior to mating to transgenic male mice, and were kept on the same diet until the day of killing. On average, the animals were fed vitamin A-deficient diet for approximately 2 months before the collection of specimens. These embryos were grouped as the vitamin A-depleted (A ) embryos. To induce a hyperthyroidic state, female mice were injected (i.p.) daily with a T 3 solution (150 µg/kg in PBS) or a thyroxine (T 4 ) solution (75 µg/kg), from the day showing a mating plug until the day of killing. Embryos obtained from these hyperthyroidic female mice were grouped as the T 3 or the T 4 embryos. To induce a hypothyroidic state and to replenish thyroid hormone in these mice, an established protocol (Hess et al. 1993 ) was adopted. Briefly, normal female mice were fed an iodine-deficient diet (TD95125, Harlan) and water containing 1% 6-propyl-2-thiouracil (PTU), 2 weeks prior to mating to the transgenic male mice, and were kept on the same diet and water supply until the day of killing. On average, the animals were fed iodine-deficient diet and PTU for approximately 1 month before the collection of specimens. These embryos were grouped as the PTU embryos. To replenish the hypothyroidic animals with thyroid hormone, the female mice were injected daily with a T 3 solution (150 µg/kg in PBS) beginning on the day showing a mating plug until the day of sacrifice. Embryos obtained from these female mice were grouped as the PTU+T 3 embryos. The effectiveness of vitamin A-depleted diet was monitored by measuring the expression of cellular retinolbinding protein I (CRBPI) and RAR genes on Northern blots. The effectiveness of iodine-depleted diet and PTU treatment was monitored by measuring the serum contents of T 3 in a sensitive radioimmunoassay (Surks et al. 1972) with the help of Drs HL Schwartz and JH Oppenheimer.
Analysis of gene expression at the RNA level
To determine the endogenous gene expression at the RNA level, RNA was isolated from embryos and analyzed by Northern blot analysis as described previously (Wei et al. 1995) .
Results
The expression patterns of CRABP-lacZ reporter and the endogenous CRABP-I protein in mouse embryos
The CRABP-lacZ reporter expression in transgenic mouse embryos was confirmed by the analysis of multiple independent transgenic lines. The lacZ reporter appeared to be specifically expressed in the developing CNS, most prominently at gestation stages E9·5 to E12·5. At E9·5, the expression began to be detected in the mesencephalon as a net-like pattern, which extended to the rhombencephalon and the spinal cord areas by E10·5. In addition, the staining intensified and became homogeneous and gradually decreased on E11·5. By E12·5, the expression dramatically decreased, with only a trace amount of staining remaining on the surface of the mesencephalon. Figure 1 shows the pictures of the lacZ-stained whole mount transgenic embryos at these four gestation stages. This pattern was reproducibly observed in all the embryos expressing the transgene from two independent lines. To confirm if the expression of transgene agreed with the endogenous CRABP-I protein expression, thin sections were obtained from the lacZ-stained transgenic embryos and counter-stained with an anti-CRABP-I specific antibody, followed by a reaction with a Cy3-conjugated donkey anti-rabbit antibody. This allowed the expression of the transgene and the endogenous protein to be compared on the same section. In addition, non-transgenic embryos were sectioned and stained with the CRABP-I specific antibody, allowing one to determine if the endogenous gene expression was affected by the expression of the lacZ transgene. As shown in Fig. 2 , the expression of endogenous CRABP-I in E11·5 embryos was detected in the neural epithelium of the mesencephalon (nem), rhombencephalon (ner) and the neural tube (nen) of both non-transgenic (panels A, A2 and A3) and transgenic (panels B, B2 and B3) embryos with very similar patterns. Thus, the endogenous CRABP-I expression was not affected by the expression of CRABP-lacZ transgene. In lacZ-stained transgenic embryos, the expression of the transgene was also detected in the same neuroepithelial layers of the mesencephalon, rhombencephalon and the neural tube (panels B1, B4 and B5) as compared with the antibody staining pattern. By using this type of analysis, it was clearly demonstrated that the endogenous CRABP-I expressing pattern agreed with the lacZ staining pattern in developing CNS, confirming the fidelity of this reporter system. From examination of serial transgenic embryo sections at different developmental stages, it appeared that CRABP-lacZ transgene expression at developmental stages of E9·5-E12·5 were in agreement with the endogenous CRABP-I protein expression. Therefore, it was concluded that the CRABP-I genomic sequence used in this fusion, including a 3 kb upstream region, the transcription initiation site and the translation signal, encoded sufficient regulatory information for its specific expression in the developing CNS at E9·5-E12·5 stages.
The effects of thyroid hormone and vitamin A on CRABP-I expression
The effect of thyroid hormones and vitamin A on CRABP-I expression in mouse embryos was examined in this transgenic reporter system. The procedures to produce the embryos of hypovitaminosis A (A ), PTU, and hyperthyroidism (T 3 , T 4 or PTU+T 3 ) were described in Materials and Methods. Embryos were dissected at E11·5 for lacZ staining, sectioned and counter-stained with anti-CRABP-I. induced the CRABP-lacZ reporter expression, particularly in rhombencephalon and the neural tube; whereas hyperthyroidism (panels B and C) repressed this reporter expression, most notably also in the rhombencephalon and the neural tube. The reduced expression was better viewed in thin sections (see Fig. 5 ). As expected, the expression of CRABP-I in the hypothyroidic condition was suppressed by replenishing the hypothyroidic animals with T 3 (panel F, Fig. 3 ), confirming thyroid hormones to be responsible for the effect of PTU and the iodinedeficient diet on this transgene expression. It was noticed that although some of the vitamin A-depleted embryos were retarded as shown in this example (panel D, Fig. 3 ), their lacZ expression was always induced regardless of the sizes, except those embryos which were resorbed. To obtain a better view of this comparison, embryos from different groups were displayed side-by-side as shown in Fig. 4 . Panel A shows a picture taken from the dorsal side of these embryos where elevation of transgene expression in PTU embryo (p) was prominent as compared with the control (c) and the PTU+T 3 (p+t). Panel B shows a picture taken from the left-hand side of these embryos shown in panel A. Panel C shows a picture taken from the right-hand side of three embryos, each representing the group of PTU (p), T 3 (t) and control (c). The suppression of the transgene by T 3 injection was clearly observed, as compared with the control. To examine the expression of both the transgene and the endogenous CRABP-I in these embryos, cryosections of these lacZ-stained embryos at E11·5 stage were obtained and stained with the CRABP-I antibody as shown in Fig. 5 . Panel A series show the patterns of a control transgenic embryo, panel B series show the patterns of an A embryo with a normal size, panel C series show the patterns of a PTU embryo, panel D series show the patterns of a T3 embryo and panel E series show the patterns of a PTU+T 3 embryo. Agreeably, the endogenous CRABP-I protein expression (Cy3-positive areas) correlated very well with the lacZ reporter expression in all the sections examined. The increased expression in the rhombencephalon and the neural tube in both A (B panels series) and PTU (C panels series) embryos was most prominent, as staining of both lacZ and the CRABP-I was significantly stronger and extended to a thicker neural epithelial layer of the rhombencephalon (Fig. 5, panels B1 , B2, C1 and C2) and the neural tube (panels C3 and C4). The antibody staining in the mesencephalon of the normal embryo (panel A2) was weak, but could be seen under a higher magnification (panel A3); whereas immunoreactivity in this region of the A (panel B2) or the PTU (panel C2) embryo was readily visible under a low magnification. In both T 3 and PTU+T 3 embryos, lacZ staining (panels D1 and E1) and immunoreactivity (panels D2 and E2) were also very weak. The antibody staining of PTU+T 3 embryo was visible only under a higher magnification (panel E3) in a pattern very similar to the control pattern (panel A3). Some of the PTU+T 3 embryos showed a suppressed CRABP-lacZ expression pattern similar to that seen in the T 3 embryos; however, some appeared very similar to the control as in the example shown here (E panels). Nevertheless, both the endogenous CRABP-I and the CRABP-lacZ expression in all the PTU+T 3 embryos appeared much more suppressed than that in the PTU group, confirming the suppressive effect of T 3 on this gene expression in embryos.
To validate the effectiveness of vitamin A depletion, the expressions of CRBPI and RAR were examined in Northern blots because it was demonstrated that these two genes responded to changing retinoid status in animals (Harnish et al. 1992 , Soprano & Soprano 1995 . As expected, the expression of both RAR and CRBP decreased dramatically (to approximately 30% of the control level) in hypovitaminosis A animals (Fig. 6) . To validate the effectiveness of treatment of iodine-deficient diet supplement with PTU, serum T 3 content of these mothers was measured by using a sensitive radioimmunoassay (Surks et al. 1972) . In normal animals, serum T 3 content was determined to be 0·560 0·050 ng/ml. In animals treated with this diet for 1 week, the T 3 content dropped to 0·388 0·012 ng/ml. In animals fed with this diet for 1 month, the T 3 content further decreased to an undetectable level using this assay. These values were determined from four animals in one group. Therefore, a hypothyroidic state in the animals fed with this diet supplement was confirmed.
Regulation of CRABP-lacZ reporter gene by RA and T3 in P19
The results of this reporter gene expression in these transgenic mouse embryos suggested that CRABP-I gene was probably regulated by thyroid hormones and RA, the major biologically active form of vitamin A. From the transgenic animal studies, it was speculated if RA and thyroid hormones would directly suppress the reporter gene expression and if the expression of nuclear receptors for these hormones would have an effect on this gene regulation. To shed light on the possible mechanism of this regulation, a mouse EC cell line P19 was used to examine the potential regulatory components for this reporter gene expression. The effects of RA and T 3 were examined by transient transfection of P19 with the reporter and an internal control pGL3, each hormone was then added to the cultures. The specific reporter activity, as normalized to internal control pGL3 activity, was determined as shown in Fig. 7A . From four independent transient transfection experiments, it was concluded that RA (10 7 ) suppressed approximately 56% reporter activity (shown as specific lacZ activity). But, surprisingly, T 3 had no effects on this reporter.
The negative results of T 3 treatment in P19 prompted us to examine if the nuclear receptors for T 3 could be a missing factor in this cell line. Therefore, we determined the reporter activity in the presence of T 3 R in cotransfection experiments (Fig. 7B) . In addition, because RA was able to induce RAR and RAR in mouse embryos (Soprano and Soprano 1995) and in P19 (Wei et al., unpublished data) , we also determined the reporter activities in the presence of these RARs and RXR which could be the partner for T 3 R . As expected, the reporter activity was suppressed, for approximately 50-70%, by co-expression of any of these nuclear receptors including RAR , RAR , RXR and T 3 R in the presence of either regular serum or DCC serum supplemented with the corresponding ligands. Among the nuclear receptors tested, T 3 R exhibited the strongest suppressive effect, either in the presence or absence of its ligand, and the addition of T 3 suppressed this reporter to a greater extent (to approximately 80%). Finally, we asked if this reporter failed to respond to T 3 in P19 cells because of the lack of T 3 R in a Northern blot analysis of T 3 R expression. As shown in Fig. 7C , the T 3 R -specific (Hodin et al. 1989 ) message was detected in adult mouse brain (lane 3) at a higher level than in the brain of young animals such as on postnatal day 3 (lane 2), but not in P19 (lane 1). Thus, it was concluded that the CRABP-lacZ reporter could be suppressed by the expression of RAR , RAR , RXR or T 3 R .
Discussion
The fidelity of this transgene expression was confirmed by comparing both the transgenic reporter and the endogenous protein expression on the same sections. Furthermore, the changing patterns of transgene expression were observed in all the embryos expressing the transgene from two independent lines. Therefore, the changes of CRABP-I gene expression in the CNS of embryos, in response to hormonal manipulation, was unambiguously demonstrated in this study. As it was difficult to address individual components involved in gene regulation in the embryos, we took the advantage of an EC cell line P19 which is frequently used as a model system to address certain developmental programs such as that underlying cell differentiation. In this cell culture system, the effects of vitamin A and thyroid hormones were addressed by adding RA and T 3 , respectively. The mechanism of RA and thyroid hormone action was further examined by co-transfection with the reporter and potential regulatory factors such as RARs, RXRs and T 3 R .
We have demonstrated that the mouse CRABP-I gene regulatory region, including the translational and transcriptional signals, as well as approximately 3 kb of its upstream region, was able to direct a lacZ reporter gene expression in the developing CNS, consistent with the endogenous CRABP-I protein expression. However, it was noted that this transgene expression was not detected in other tissues in which CRABP-I was detected by in situ hybridization, such as mesenchymal tissues in the frontal facial areas and the limbs (Perez-Castro et al. 1989 , Ruberte et al. 1993 . It is possible that this transgene lacks the information for mesenchymal expression; alternatively, lacZ staining may not be sensitive enough to detect the expression in these areas. The sensitivity of in situ hybridization is much higher than lacZ staining; but there is a possibility of cross-hybridization with CRABP-II which is highly homologous to CRABP-I at both nucleotide and protein levels. We have examined the intron and poly(A) regions of this gene in terms of mRNA stability and transcription efficiency, and it was found that these genomic segments did not affect its mRNA stability or CRABP-I gene transcription in P19 cells (unpublished results) . It remains to be determined if its further upstream region encodes additional regulatory information for CRABP-I expression.
Both retinoids and thyroid hormones affected this fusion gene expression in embryos; however, only RA, but not T 3 , had an effect on the same fusion gene expression in P19 cells growing in regular medium. Based upon cotransfection experiments (Fig. 7B) , it is concluded that suppression of this gene expression can be mediated by RAR , RAR , RXR or T 3 R in P19 growing in either regular serum or DCC serum and addition of ligands suppressed the reporter to a greater extent for RXR and T 3 R but not for RAR or RAR . Furthermore, the lack of response to T 3 is due to the absence of the receptor for this hormone in P19 (Fig. 7C) . These results supported ours, as well as others' observations that CRABP-I gene was under a complex regulatory network which involved various hormonal and intrinsic cellular factors (Wei & Lee 1994 , Wei et al. 1995 , Chen and Guda 1996 . It is known that thyroid hormone receptor expression does not normally respond to changes of the thyroid state in animals (Coustaut et al. 1996) , but it can be induced by retinoid treatment (Pailler-Rodde et al. 1991) . It has also been demonstrated that PTU treatment induces both a hypothyroidic and a hypovitaminosis A status (Pallet et al. 1994 , Coustaut et al. 1996 . Therefore, the effect of PTU on CRABP-I gene expression in animals could also be caused by the hypovitaminosis A status induced by PTU.
It was previously demonstrated in P19 cells that the expression of CRABP-I gene was under the control of a complicated regulatory machinery, involving various signaling pathways such as protein kinases (Wei et al. 1995) , DNA methylases (Wei & Lee 1994) , and RA . However, it was also reported that CRABP-I gene expression was not responsive to RA in other cell types such as F9 cells (Giguere et al. 1990) , skin cells and fibroblasts (Astrom et al. 1991) . A recent report showed that CRABP-I was suppressed by RA at a high concentration but was induced by RA at a low concentration in embryonic stem cells (Chen and Guda 1996) . The Figure 6 Northern blot analyses of endogenous RA-responding gene expression. RNA isolated from non-transgenic embryos of A (lanes 1-3) and control (lanes 4-6) groups were analyzed on a Northern blot by using probes CRBPI, RAR and actin as indicated with arrows. Three representative embryos from each group are shown here.
Figure 5
Expression of the transgene (stained for lacZ) and the endogenous CRABP-I protein (stained with antibody) in embryos obtained from mothers treated with thyroid hormones and special diets. Panels A, A1, A2 and A3: control group; panels B, B1 and B2: A group; panels C, C1, C2, C3 and C4: PTU group; panels D, D1 and D2: T 3 group; panels E, E1, E2 and E3: PTU+T 3 group. Panels A1-E1 (lacZ staining) and A2-E2 (antibody staining) show the boxed areas in panels A-E. Boxed areas in A2 and E2 were enlarged and are shown in A3 and E3, respectively. nem: neural epithelium of mesencephalon; ner: neural epithelium of rhombencephalon; nen: neural epithelium of neural tube.
expression of this gene might respond to various cellular signals in different cell types and the regulatability of nuclear receptors by RA might also vary among these cell types. As demonstrated in this study, this gene expression could be suppressed by supplementing with receptors such as RAR , RAR , RXR and T 3 R b in P19. T 3 enhanced T 3 R -mediated suppression, but the effect of RA varied among various nuclear receptors. P19 were co-transfected with the reporter, the internal control vector and one of the nuclear receptors as indicated in medium containing either regular serum or DCC serum supplemented with the corresponding ligands. Specific lacZ activity was determined as described in Materials and Methods. C: co-transfection with a control plasmid for the expression vectors. The results shown in panels A and B were obtained from four independent experiments to determined the S.E.M. (C) Northern blot analysis of T 3 R expression in P19 and mouse brain. Thirty micrograms of total RNA isolated from P19 stem cells (lane 1) or mouse brains (lane 2, postnatal day 3; lane 3, adult) were analyzed. The probe was prepared from the T 3 R -specific N-terminal sequence of the cDNA (Hodin et al. 1989 ) and the specifically hybridizing band, approximately 6 kb in size, is indicated with an arrow. The positions of ribosomal RNAs are labeled with two horizontal bars. The actin hybridization result is shown in the lower panel.
Within this 3·2 kb region, a strongly negative ciselement was located, which contained a putative HRE of the DR4 type sequence and appeared to function in the heterologous reporter systems. Preliminary results also suggested that P19 cells contained various protein factors binding to this region . We are in the process of determining the DNA sequences responding to the RA signal and nuclear receptors binding to this DR4. Preliminary studies indicated specific binding of T 3 R to this sequence as monomers, homodimers and heterodimers with RXRs (unpublished results). The results of studies reported here unambiguously demonstrated that vitamin A and thyroid hormone affected CRABP-I gene expression in mouse embryos, possibly mediated through RAR , RAR , RXR , or T 3 R . Because thyroid hormone receptors favor heterodimerization with many other nuclear receptors (Pfahl 1994 , Claret et al. 1996 , Fondell et al. 1996 , Tong et al. 1996 , the molecular interactions of these nuclear receptors, as a machinery to regulate CRABP-I expression, could be more complicated and await further studies.
